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ABSTRACT 

This piq)er describes the requirements for a Fuzzy Logic Controller for the physiologic administration of 
IxHmones by means of a FDA-a{q)roved surgically implantable infusion pump. Results of a LabVIEW computer 
simulation for the administration of insulin for diab^c adult patients as well as human growth htninone for pediatric 
patients are presented. A VHS video tape of the simulation in action has been prepared and is available for viewing. 


INTRODUCTION 


MiniMed Technologies, Inc. of Sylmar, California is currently conducting Phase II Clinical Trials for FDA 
£q)proval on 335 patients of an open-loop implantable insulin pump for use by patents with insulin-dependent 
diabetes. This type of pump represents a significant advance over current practice, since it obviates the need for 
patients to self-administer insulin by Intra Muscular injections 2-3 times per day. On the other hand, this type of 
pump has the disadvantage that the patient must still anticipate their insulin requirements with each me^ and dial in 
a specific dose level on a handheld calculator that in turn communicates with the implanted pump by means of a 
short-range digital radio-telemetry link. As a separate research and development activity, diabetes investigators are 
actively developing a variety of blood-glucose sensors. Anticipating the successful completion of such sensors at 
some future time, a physiologically-realistic algorithm for closed-loop control of blood-sugar levels would then 
provide the patient with the freedom to lead a relatively normal (more care-free) life, at least so far as eating is 
concerned. The final system, however, might fall short of the dream of a fully artificial pancreas, since the pump's 
reservoir must be perio^cally refilled with a concentrated form of insulin every few months, and this would be done 
by vacuum injection as an outpatient procedure. 

A fuzzy control algorithm [1,2] was developed at JPL for the purpose of "closing the loop" based on the 
woric of Prof. Richard Bergman at the USC Dept of Physiology in the School of Medicine [3]. Refinements from 
Prof. Sam Bessman, M.D. of the Dept, of Pharmacology at the USC Medical School were added with respect to 
diabetic stress in a clinical setting [4]. Further refinements of complications secondary to pregnancy were added by 
Prof. Raul Altai, M.D. of USC Department of OB/GYN [5], To verify the value of this sort of approach, a model 
for human growth hormone administration was develop^ based on the work of Prof. Johannes Veldhuis at the 
University of Virginia in Charlottesville [12-14]. Surprisingly, the time needed to construct the hGH administration 
model was just three hours. 

Our models were implemented on an Apple Macintosh Quadra 950 using the LabVIEW software (v. 2.2.1) 
package, commercially available from National Instruments, Inc. of Austin, Texas. The CubiCalc Fuzzy Logic 
software development system from HyperLogic of Escondido, California will be considered in the next 
implementation on an IBM-PC. Later, the clinical importance and commercial potential of such implantable devices 
will be discussed. 
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RESULTS 


Diabeies Model 

which it ^ pancreas, including the body's environment within 

which It operates, ^ developed by us at JPL over a four-day period. The high degree of model/develooer 
mteracuvity, which is one of the major selling points of LabVIEW on a PC or MAC. is what p^mitted us to do Uw 
sort of ^d prototyping that allowed us to evolve of the model toward physiologically-conect behavior in such an 
aojclerated tunc. In addiuon. the model included sub-models fw patient-dependent parameters, food caloric values 
stonwh. hver. kidney and body muscle/fat ratios. The patient model, shown in 2. included age gender’ 

^ ? diabetes, and medication history. These were combined wkh temporai 

consumpuon. physic^ exercise, and exposure to stress during the day. using rules of Fuzzy l^gic 

to compute the relative sensiuvity of the of body Ussues to insulin for an individual patient ^ * 

Figure 3 illustrates a typical output of the model. The uj^r graph plots the change in blood glucose levels 

[jlJU*^*** Pf^’ ^ P‘0** “w 0“«PU* of insulin from the arUficial p^p in micro 

PM^ **«.same period. Breast at 7:00 AM. lunch at Noon, dinner at 6:00 PM. followed by a^ck at 10 00 
events. The ringing" m blood sugar levels triggered by harp transitions in insulin levels at the 
wnsumption >s likely to be an artifact of our computer implementation rather than representative of 
^ events in the body, since the Ussues are likely to have a strong smoothing effect, and no effort 

nSL^t?" Uiis phenomenon in our model. Alarm conditions such as "excessive urination" or 

^ •hypoglycemia respectively, are triggered in the model whenever certain blood 
*? *??** ^ ®*ceeded or fall beyond normal limits, as specified by the investigator. This is 

manifested in the model by flashing error lights with alarm bells going off. * 

Pituitary Model 

hram 4 shows OUT propo^ model of the hypothalamicy^iituitary axis in the interface between the human 

endwnne system. The pulsatile diurnal output of human Growth Hormone (hGH) is subject to a 
bang^g pair of Mtagonisuc merger molecules. Growth Hormtuie Inhibiting Hormone (GHIH) and Growth 
Hwm^ Rele^ing Hormone (GHRH). ongmating m the hypothalamus and ccmnected to the pituitary by means of 
f secretion is essentially a series of pulses clocked at once a minute uniformly 
secreuon is the real "gate keeper" normally high and occasionally low. allowing 
pituitary into the blood stream, where it has a constellation of effect in addition to 

gTowtfi in cniidren. 

^ shows the results of this model under conditions of significantly decreased GHIH at 2:30 AM and 
5:^ , gr^h) normal uniform GHRH (middle gr^h), and resulting hGH output (bottom graph) This 

m^el ^counts for the physiologically-observed major jagged-stairstep rises in hGH pulses several Ks during 
sl^p with a few more randomly-distributed smaller pulses that occur during the waking hours. Figure 6 illustrates a 
Mferent i^uent s pai^ete^ greater bursts of hGH during the night. Figure 7 expands the resolution in the 

Se -“p !»■*«" .»o mp.... 


DISCUSSION 

•ho. oc Jllf * of *“ch a control system running in UbVIEW for clinical and engineering applications is 

that, as piwes of the final hardware system are completed, they can be inserted into the model to replace their 
component. In the case of the pituitary model, the existence of a physiologically-based 
secreuon into the bitstream of juvenile pauents during the hours of sleep is much to be preferred over the bolus 
mjwuons iwice w three umes a week, as they are administered now. Although the number of potentially affected 
c with shortness of height secondary to pituitary insufficiency (rather than receptor insensitivity) may be 
lel^^vely small comp^ to the populauon as a whole, the potential to help the wider geriatric population with 
hGH supplementation in this manner could be enormous. 


159 



Friday, October 9, 1992 10:30 AM 
Block Diagram 



Figure 1: LabVIEW Block Diagram of the Artificial Pancreas System. 
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Figure 2: Front Panel for a Human Adult Patient with Diabetes Mellitus. 
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Figure 4: LabView Block Diagram of the Hypothalamic/Pituitary Model. 
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Block Diagram 


Figure 5. Typical Diurnal Pulsatile Output from the Model 

Upper Graph: Growth Hormone Inhibiting Hormone (GHIH) 

Middle Graph: Growth Hormone Releasing Hormone (GHRH) 

Lower Graph: Human Growth Hormone (hGH) 
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Figure 6: Another Model Output with Stronger hGH Secretion. 
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Figure 7: Higher Resolution from Midnight to 6:00 AM when hGH 
Secretion is most active. 


166 











ACKNOWLEDGMENTS 


The work described in this paper was carried out by the Jet Propulsion Laboratory, California Institute of 
Technology under a contract with the National Aeronautics and Space Administration through the Office of the JPL 
Chief Scientist. Reference herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not constitute or imply its endorsement by the United States Government or the Jet 
Propulsion Laboratory, California Institute of Technology. 

REFERENCES 

1. Bart Kosko, Neural Networks and Fuzzy Systems: A Dynamical Systems Approach to Machine Intelligence 
(Prentice Hall, New York, 1992), Signal and Image Processing Institute; Department of Electrical Engineering; 
University of Southern California; Los Angeles, California 90089. 

2. Daniel McNeiU and Paul Freiberger, Fuzzy Logic: The Discovery of a Revolutionary Computer Technology-- and 
How it is Changing our World (Simon and Schuster, New York, 1993). 

3. Richard N. Bergman, "Toward Physiological Understanding of Glucose Tolerance: A Minimal-Model Approach," 
Diabetes, Vol. 38, No. 12 (December 1989), Department of Physiology; USC Medical School; Los Angeles, 
California 90023. 

4. Samuel P. Bessman, "A Model of Diabetic Stress," Chairman Department of Pharmacology and Nutrition. USC 
Medical School, LA County Hospital, Los Angeles, California 90033. 

5. Raul Artal, "Complications of Diabetes during Pregnancy," Department of Obstetrics and Gynecology; Women's 
Hospital; USC Medical School; Los Angeles, California 90033. 

6. Vincent H. L. Lee, "Comparing Routes of Administration for Drugs," Gavin S. Herbert ProfesscH* and Chairman 
of the Pharmaceutics and Dmg Delivery Department; John Stauffer Pharmaceutical Sciences Center, USC Medical 
School, Los Angeles, California 90033. 

7. Joseph H. Schulman, "Implantable Pump Technology," Chief Scientist; MiniMed Technologies, Inc.; Sylmar, 
California 91342. 

8. Jean-Louis Selam and M. Arthur Charles, "Devices for Insulin Administration," Diabetes Care, Vol. 13, No. 9, 
pp. 955-979 (September 1990). 

9. Jean-Louis Selam, "Development of Implantable Insulin Pumps: Long is the Road," Diabetic Medicine, Vol. 5, 
pp. 724-733 (1988). 

10. William C. Duckworth, Christopher D. Saudek, and Robert R. Henry, "Why Intraperitoneal Elelivery of Insulin 
with Implantable Pumps in NIDDM?" Diabetes, Vol. 41, pp. 657-659 (June 1992). 

11. Christopher D. Saudek, Jean-Louis Selam, Henry A. Pitt, Kenneth Waxman, Michelle Rubio, Nathalie 
Jeandidier, Dee Turner, Robert E. Fischell, and M. Arthur Charles, "A Preliminary Trial of the Programmable 
Implantable Medication System for Insulin Delivery," New England Journal of Medicine, Vol. 321, pp. 574-579 
(August 31, 1989). 

12. Mark L. Hartman, Amilton C. S. Faria, Mary Lee Vance, Michael L. Johnson, Michael O. Thomer, and 
Johannes D. Veldhuis, "Temporal Structure of in vivo Growth Hormone Secretory Events in Humans," American 
Journal of Physiology, pp. ElOl-El 10 (January 1991), Division of Endocrinology and Metabolism, University of 
Virginia Health Sciences Center, Charlottesville, Virginia 22908. 

13. Eve Van Cauter, Myriam Kerkhofs, Anne Caufriez, Anne van Onderbergen, Michael O. Thomer, and Georges 
Copinschi, "Quantitative Estimation of Growth Hormone Secretion in Normal Man: Reproducibility and Relation to 
Sleep and Time of Day," Journal of Clinical Endocrinology and Metabolism, Vol. 74, No. 6, pp. 1441-1450 (1992). 

14. Michael J. Cronin, Director, Endocrine Research Department, Gcncniech, Inc.; South San Francisco, California 
94080. 


167 



